Purpose: We evaluated the relationship between isocitrate dehydrogenase 1 (IDH1) mutation status and metabolic imaging in patients with nonenhancing supratentorial diffuse gliomas using 11 C-methionine positron emission tomography ( 11 C-MET PET).
Introduction
Cerebral gliomas are the most common primary malignant brain tumors, accounting for 29% of all primary and 81% of all malignant brain tumors. 1 Previously, prognostic evaluations were based on the histological features of tumor tissues along with clinical variables, such as age and performance status. However, the clinical outcomes have greatly varied among patients regardless of having the same pathological classification. Although the histopathological classification of gliomas has a long history, it has high interobserver and intraobserver variability and does not adequately predict clinical outcomes.
Recently, several biomarkers have been discovered to play vital roles in tumor differentiation. Molecular characterizations have become even more relevant, with mutations of isocitrate dehydrogenase (IDH), tumor protein 53 (TP53), and a-thalassemia/mental retardation syndrome X-linked (ATRX); 1p/19q codeletion; and O 6 -methylguanine-DNA methyltransferase (MGMT) promoter methylation being the important diagnostic and prognostic markers for tumors with similar morphology. 2 Consequently, clinicians now increasingly rely on genetic classification to guide clinical decision-making.
Currently, World Health Organization (WHO) grades II to III are considered diffuse gliomas because of their similar genetic characteristics. 3 Isocitrate dehydrogenase mutations are a characteristic of most diffuse gliomas and define a subtype associated with better prognosis. 4 Isocitrate dehydrogenase mutations can be found in up to 80% of grades II to III gliomas and secondary glioblastomas but rarely in primary glioblastomas. 3, 4 Furthermore, compared to IDH-mutated tumors, grades II to III gliomas with wild-type IDH more frequently show molecular genetic alterations, which resemble those in glioblastomas. 3, 5 The genetic similarities between IDH wild-type glioblastomas and IDH wild-type diffuse gliomas lead to the same aggressive clinical behaviors. 6 Compared to gliomas without IDH mutations, IDH-mutated gliomas progress slower over time and have better prognosis. 4, 7 Moreover, isocitrate dehydrogenase 1 (IDH1) mutation status can be used as a predictor of complete resection 8 and median survival time. 9 These associations have been justifiably accepted and have been shown to have a profound impact on the development of the new WHO Classification of central nervous system (CNS) tumors 10 and on the updates on the recent CNS guidelines of the National Comprehensive Cancer Network. Generally, these biomarkers are detected by immunohistochemical analysis or genetic sequencing of postoperative pathological specimens. Therefore, identification of complementary imaging markers for the aforementioned critical biomarkers would be greatly valuable in providing more information for preoperative decision-making and maximally safe resection.
For decades, 11 C-methionine positron emission tomography ( 11 C-MET PET) has been applied for the diagnosis of gliomas; 11 differentiation between tumor recurrence and radiation injury; 12 and surgical 13 and radiotherapy 14 planning, owing to its strong contrast with background uptake in normal brain tissue. Moreover, the reported correlation of 11 C-MET uptake with cell proliferation, expressions of Ki-67 and proliferating cell nuclear antigen, and microvessel density 15 indicated its role as a marker of rapid tumor proliferation. Therefore, previous studies have applied 11 C-MET PET to explore the association of 11 C-MET uptake with preoperative tumor grading 16 and the prognosis of gliomas. 17 Although 11 C-MET PET has shown a possible association between 11 C-MET uptake and the molecular mechanisms of gliomas, the relationship between the key molecular biomarkers and 11 C-MET uptake has been rarely studied. Molecular biomarkers, which are used for diagnosis and prognostication, must be identified by surgery. However, preoperative diagnosis and prognostication can alter the medical treatment strategy. Given the value of noninvasive preoperative evaluation of molecular biomarkers for clinical applications, we evaluated the relationship between 11 C-MET PET uptake and IDH1 in patients with newly diagnosed diffuse supratentorial gliomas.
Material and Methods

Study Population
Between June 2012 and November 2017, we enrolled patients with newly diagnosed supratentorial diffuse glioma (WHO II and III) in this retrospective study. Patients who had previously undergone surgery, radiotherapy, or chemotherapy were excluded. Surgery was performed within a month of the latest diagnostic 11 C-MET PET. Histological diagnosis was based on biopsy or tumor resection, as available. The study was approved by the institutional review board, and informed consent was obtained from all individual participants included in the study.
C-Methionine Positron Emission Tomography and Computed Tomography
All patients underwent 11 C-MET PET using a 3-dimensional (3D) PET scanner (Biograph 64; Siemens, Munich, Germany). Data acquisition began 15 minutes after an intravenous bolus injection of 370 MBq (10 mCi) 11 C-MET. Special analysis and fasting were not required for 11 C-MET PET because no collateral effects were reported. Before PET, computed tomography (CT) was performed for attenuation correction and image fusion. 11 C-methionine PET images were obtained in a 15-minute static scan in 3D acquisition mode. The spatial resolution of the CT scanner in axial and tangential directions was 1.5 mm. Reconstructed imaging was achieved with filtered back projection and full width at a maximum of 3.5 mm using the manufacturer's workstation and postreconstruction Gaussian 3D filter smoothing.
C-Methionine Positron Emission Tomography/CT Data Processing
Semiquantitative analysis was performed using the maximum standardized uptake value (SUVmax) and mean tumor-to-background ratio (TBRmean). For SUVmax, 3D spherical volume of interest that covered the entire tumor was drawn, and the workstation automatically detected tumor boundaries. Further manual adjustments were then made to allow region of interest (ROI) to cover the whole tumor shown on the magnetic resonance imaging (MRI), and the SUVmax value inside the ROI was calculated. If the tumor was hypometabolic on 11 C-MET PET, MRI only was used to delineate the tumor. For TBRmean, a circular ROI (7-mm diameter) was placed in the most intense area of the tumor in the center of the pixel with the maximum SUV, and in the unaffected corresponding contralateral region. 18 If the tumor affected the mirroring region, the ROI was placed on the intact region of the contralateral hemisphere. Mean tumor-to-background ratio was defined as the mean uptake of radioisotope in the lesion ROI divided by the mean uptake in the reference ROI.
Histopathological and Immunohistochemical Examinations
Samples obtained by biopsy and tumor resection were fixed in 10% formalin and embedded in paraffin. The hematoxylin and eosin-stained sections of all samples were reviewed by 2 blinded neuropathologists and were categorized according to the WHO Classification of Tumors of the CNS. The IDH1R132H protein expression was evaluated to determine the IDH1 mutation status because antibodies against IDH1mutated proteins are routinely used to detect IDH mutation. 19 The histological definition was updated according to the WHO 2016 Classification of Tumors of the CNS, when all necessary data were available.
Statistical Analysis
Descriptive statistics were presented as mean with 95% confidence interval (CI) or mean with standard deviation. The relationships between 11 C-MET PET parameters and IDH mutation status were assessed. Student t test was performed for 2-group comparisons, with adjustments for cases with unequal variances, as analyzed by Levene test. Value of P < .05 was considered statistically significant. SPSS software (version 21, IBM, Armonk, New York) was used for data analysis.
Results
Study Population
A total of 86 patients with newly diagnosed supratentorial diffuse gliomas were enrolled in this study and their descriptive data are summarized in Table 1 . Isocitrate dehydrogenase mutations accounted for 55.8% (48 of 86) of all patients. Of the 61 patients diagnosed as WHO grade II glioma, 68.9% (42 of 61) had IDH1 mutation. Of the remaining 25 patients who were diagnosed as WHO grade III glioma, 24% (9 of 25) had IDH mutations. Of the enrolled patients, 22.1% (19 of 86) had a negative 11 C-MET PET uptake. Eleven patients with photopenic defects could be identified among these 19 negative 11 C-MET PET scans.
Relationship Between 11 C-MET Uptake and Glioma Grade
The 11 C-MET uptake values were compared between the tumor grades. As shown in Figure 1 
Relationship Between 11 C-MET Uptake and IDH1 Mutation Status
The IDH1 mutation status of the supratentorial diffuse gliomas and its relationships with the 11 C-MET parameters were analyzed. As shown in Figure 2 , compared to tumors with IDH1 mutation, wild-type IDH1 tumors had significantly higher SUVmax values ( Figure 4 ).
On the other hand, separate analyses of grade III supratentorial gliomas showed no such relationships between the 11 Figure 5 ).
Discussion
The diagnosis and prognosis of diffuse gliomas had been primarily determined based on histopathological characteristics. However, the pathological classification of gliomas had been limited by sample heterogeneity. Because genomic analyses have dramatically increased our understanding of gliomas, we have been pursuing the trend of biomarker-driven glioma classification, which has been consistently proven to play a significant role in revealing the molecular characteristics and in the prognostication of gliomas. In particular, the mutation status of IDH, ATRX, TP53, and 1p/19q had been employed for the diagnosis and prognostication of diffuse gliomas, and MGMT promoter methylation status was reported to alter the chemotherapy plan. 20 Prominent evidence has indicated that IDH mutations are early events in glioma formation before molecular distinctions drive specific differentiation and frequently occur in astrocytic and oligodendroglial lineages; examples of such mutations are 1p/19q codeletions in oligodendrogliomas and TP53 and ATRX mutations in astrocytomas. 3 Isocitrate dehydrogenase mutations can be found in up to 80% of grades II to III gliomas and secondary glioblastomas but rarely in primary glioblastomas. 3, 4 Furthermore, compared with IDH-mutated grade II to III gliomas, those with wild-type IDH more frequently show molecular genetic alterations, such as epidermal growth factor receptor (EGFR), telomerase reverse transcriptase (TERT), Phosphatase And Tensin Homolog (PTEN), Cyclin Dependent Kinase Inhibitor 2A (CDKN2A), neurofibromatosis type 1 (NF1), and RB Transcriptional Corepressor 1 (RB1) alterations, which resemble the mutations in glioblastomas. 3, 5 Genetic similarities between IDH wild-type glioblastomas and IDH wild-type diffuse gliomas lead to the same aggressive clinical behaviors. 6 Compared to gliomas without IDH mutations, IDH-mutated gliomas progress slower over time and have better prognosis. 4, 7 Meanwhile, gliomas that have relatively high 11 C-MET uptake have been reported to have poor prognosis. 21 This may explain the significantly higher 11 C-MET uptake in gliomas with IDH1 wild-type than in those with mutants in our study.
Previously, 11 C-MET PET had been used to predict the status of 1p/19q codeletion [22] [23] [24] and MGMT promoter methylation, 24, 25 although the correlations remain controversial. Moreover, the correlation between IDH mutation status and 11 C-MET uptake had been rarely studied. In this study, patients with newly diagnosed nonenhancing supratentorial diffuse gliomas were demonstrated to have higher SUVmax and TBRmean values when IDH1 mutation was present than when there was no IDH1 mutation. A prior study investigated the association between IDH1 mutation status in diffuse gliomas and 18 F-fluorodeoxyglucose ( 18 F-FDG) uptake, but the result showed that IDH1 mutation status did not correlate with 18 F-FDG uptake. 26 A possible explanation for this result was that the necrosis and blood-brain barrier (BBB) disruption in more aggressive gliomas resulted in a nonlinear increase in 18 F-FDG uptake. A study using dynamic 18 F-fluoroethyltyrosine ( 18 F-FET) PET demonstrated that IDH mutations were more frequent in tumors with homogeneous increasing and focal decreasing time-activity curve but were rare in those exhibiting homogeneous decreasing time-activity curve. 27 Verger et al 28 diagnostic value for discriminating between astrocytomas and glioblastomas with mutant and wild-type IDH, suggesting that 18 F-FET PET may be useful for noninvasive identification of IDH mutation status. However, another study that used static 18 F-FET PET found no association between IDH mutation status and 18 F-FET uptake in low-grade glioma patients. 29 Using 3,4-dihydroxy-6-18 F-fluoro-L-phynel-alanine ( 18 F-FDOPA) PET, one study illustrated higher 18 F-FDOPA uptake in gliomas with IDH mutation than in IDH wild-type gliomas. 30 Previously, a study on 11 C-MET PET indicated that IDH-mutated gliomas showed lower 11 C-MET uptake, compared to that of IDH wild-type gliomas. 24 This finding was contradictory to the findings of the previous study on 18 F-FDOPA. The apparent discrepancy in the uptake patterns between 11 C-MET and 18 F-FDOPA may be associated with the metabolic profile of IDH-mutated gliomas. Isocitrate dehydrogenase mutation status is associated with elevated intracellular free amino acids, which can reduce efflux rate constant from the tumor tissue and affect the uptake of 18 F-FDOPA via amino acid transporters that act as exchangers. 31, 32 In a previous study on 11 C-MET, the samples included high-grade and recurrent gliomas with disrupted BBBs, the 11 C-MET uptake in gliomas was influenced by passive diffusion in areas with BBB. 33 In our study, all gliomas had intact BBBs and were shown as nonenhancing supratentorial diffuse gliomas on MRI. Therefore, methionine uptake was relatively less influenced by BBB disruption and only reflected the metabolic tumor. After ruling out the aforementioned factor, our findings consistently confirmed that 11 C-MET uptake was significantly correlated with IDH1 mutation status in supratentorial diffuse glioma patients. However, the results were not significant in the subgroup of WHO III gliomas alone; this may be accounted for by the relatively few supratentorial WHO III gliomas in our study population.
In this study, the significant correlation of the 11 C-MET PET parameters with IDH1 mutation status indicated the potential value of 11 C-MET PET for noninvasive evaluation of IDH1 mutation status. Although IDH1 detection mainly relies on postoperative pathological examination, preoperative noninvasive detection methods can enable the development of more personalized treatment plans. Beiko et al 8 found that IDH1 mutation was an independent predictor of complete resection and that IDH1-mutated gliomas were more frontally located. Kawaguchi et al 34 suggested that IDH1-mutated grade III tumors without 1p/19q codeletion require a greater extent of resection. Maarten et al 35 demonstrated that even very small postoperative volumes can have a strong negative effect on the overall survival of patients with IDH-mutated astrocytoma. A previous study on patients with IDH wild-type glioma reported that the median survival of patients with totally resected tumors was 2.86 years, whereas that for patients with partially resected tumors was 1.55 years. 9 Moreover, compared to IDH wild-type tumors, IDH-mutated tumors were suggested to have higher response rate to chemotherapy and longer progression-free survival after radiation therapy or chemotherapy. 36 Moreover, IDH mutations in low grade gliomas were shown to predict longer survival and response to temozolomide. 33 Therefore, the IDH1 mutation status of gliomas can enable individualized treatment strategies and make preoperative noninvasive detection essential.
Because the treatment regimens and strategies vary among different tumor classes, noninvasive imaging methods that predict tumor grade can provide clinicians the directions for treatment before surgery. Relevant studies on 11 C-MET PET have drawn different conclusions. Some studies have shown that 11 C-MET PET had certain significance in tumor classification, 16, 37, 38 whereas other studies have shown opposite results. [39] [40] [41] In our study, the SUVmax of grade III gliomas was significantly higher than that of the grade II gliomas, whereas the results on TBRmean showed only a certain trend but did not reach a statistically significant difference. The differences among the studies may be due to the different sample compositions because different gliomas have some differences in 11 C-MET uptake. Some literatures reported that 11 C-MET uptake may be higher in oligodendrogliomas than in astrocytomas. 17, 42, 43 However, in our study, the SUVmax and TBRmean did not significantly differ according to the presence of an oligodendroglial component. Perhaps, this was because gliomas with oligodendroglial component accounted for a small proportion of our samples, and all of them were WHO II gliomas.
Recently, Galldiks et al 44 reported that within 100 patients with 8 F-FET negative gliomas, a subgroup of patients who exhibit photopenic defects in 8 F-FET uptake had an unfavorable outcome compared to patients with isometabolic 8 F-FET uptake, and the multivariate survival analysis indicated that photopenic defects predict an unfavorable progression-free survival (PFS). Further follow-up imaging changes showed that photopenic IDH-mutant WHO II astrocytomas turned into 8 F-FET positive faster than isometabolic IDH-mutant WHO II astrocytomas. 45 The survival discrepancy could be explained with an inverted U-shaped curve, showing isometabolic gliomas with the most favorable PFS and both photopenic gliomas and 8 F-FET positive gliomas on the adverse end of the PFS spectrum; however, the hypothesis remains to be confirmed by the overall survival analysis. 46 Moreover, a study using 18 F-FDOPA PET demonstrated patients with photopenic defects showed a tendency for a shorter PFS in comparison to patients with isometabolic 18 F-FDOPA uptake. 45 In our study, 11 patients were identified as photopenic defects among the 19 patients who had negative 11 C-MET PET uptake. However, due to the small sample size and the lack of survival time data, further analysis was not feasible. Whether the relationship between 11 C-MET uptake and survival time also has the same U-shaped curve as 8 F-FET PET is worth further exploration.
Some limitations of our study should be noted. First, the study was retrospective with a relatively small sample size. Therefore, the prognostic value of 11 C-MET PET must be validated in a larger prospective study. Second, the IDH1 mutations in our study were detected by immunohistochemistry. Although immunohistochemistry can detect most IDH1 mutations and is widely applied in clinical practice, genetic sequencing is needed to further improve the diagnostic accuracy. 47, 44 Conclusions The 11 C-MET uptake was significantly related with IDH1 mutation status in patients with supratentorial diffuse glioma. From a clinical perspective, 11 C-MET PET can be used as an additional tool for noninvasive preoperative evaluation of the IDH1 mutation status of nonenhancing supratentorial diffuse gliomas.
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